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Characterization of the nanostructures of a lithographically patterned dot
array by x-ray pseudo-Kossel lines
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Grazing x-ray scattering from a nanofabricated periodic dot array exhibits an interesting diffraction
pattern, resembling x-ray Kossel lines, due to the anisotropic x-ray resolution function. We
demonstrate that the unique diffraction pattern can be used for precise characterization of the deep
nanostructures, which cannot be obtained accurately by microscopy techniqua@03cAmerican
Institute of Physics.[DOI: 10.1063/1.1543249

Periodic arrays of nanostructured dots have attractethbricated using a standard lithography and lift-off process.
much attention during the last decade because of their potefhe required pattern was written in a single gotgthyl-
tial as future high-density optical and magnetic storage memethacrylatg layer with e-beam lithography, and a Gd film
dia. The unique properties of these nanosystems deperad nominal thickness of 50 nm was deposited using e-beam
strongly on their structural parameters, such as size, shapeyaporation. An area of 0:50.5 mnf was patterned on a
and array spacindj;> which have become controllable owing 10X 10 mn? Si/SiO, wafer. X-ray diffraction measurements
to recent advances in nanofabrication technology. Variousvere performed using a 9-keVA & 1.3776 A) monochro-
scanning probe microscopies, such as scanning electron ntiRatic x-rays at the SRI-CAT beamlines 1-BM, 2-BM, and
croscopy(SEM) and atomic force microscopyAFM) have  4-ID-D, at the Advanced Photon Source. The incident beam
been employed for the topographical metrology of the dowith its angular divergence of 1 mratiorizonta) and 0.05
arrays. However, as the aspect ratio of height to width for thenrad (vertica) was used. The diffracted beam was collected
nanoarrays increases, accurate characterization of the “deepyy a scintillation detector with 1-mraghorizonta) and 0.1-
nanostructures becomes increasingly challenging due tarad (vertica) acceptance. We define a coordinate system
technical problems, such as the tip-sample convolution irsuch that thex—z-plane coincides with the vertical scattering
AFM.* X-ray scattering, without such intrinsic limitations, plane, and the-axis is perpendicular to the sample surface.
can be effectively used to characterize the structural detailds depicted in the insets of Fig. 1, the azimuth angle
of deep nanostructures. In addition, it offers the additionameasures the rotation of the reciprocal aggsandq, with
advantage of measuring the buried interfaces, if neededespect tox- andy-axes about the-axis. Since the measure-
However, quantitative analysis of a typical x-ray diffraction ments presented here were made at a figgdvalue of
pattern from a nanofabricated two-dimensiot@D) dot ar- 0.18 A™*, a point in the reciprocal space is indexed using
ray (0.1~1 uwm period requires careful consideration of the only two indices @,K), using the relationshipgy
resolution function of the probebecause its reciprocal space =(27/a)H andq,=(2w/a)K, wherea is the period of the
density is many orders of magnitude higher than those ofanoarray. Consequently, a radiabl, € \qgs+qy) scan
typical solid-state or biological crystals. Consequently, thethrough a reciprocal pointH,K) was carried out by per-
measured diffraction pattern exhibits characteristic featuresforming a theta rocking scan at=tan ‘(K/H). Since the
due to the highly anisotropic nature of the instrumental resopatterned area is much smaller than the total area of the
lution function, which can be understood as analogs of Kosubstrate, the diffuse scattering from the substrate surface
ssel line§ (or pseudeKossel lines. In this letter, we explain  was subtracted using the dynamical expression in Refe8
the origin of such pseudo-Kossel lines and then demonstratée dashed lines in Figs(d and Xb)], and the diffraction
how these features can be used for precise structural charaetensities from the dot array were then obtained, as shown
terization of 2D nanodot arrays. in Fig. 2.

For this study, a square array of circular disk-shaped dots The mathematical diffraction pattern constructed from a
with a period of 750 nm and a diameter of 340 nm was2D square dot array consists of one-dimensidi#l) rods

along theq, direction, going throughH,K) integer points.

“Electronic mail: drlee@aps.anl.gov Thus, a 2D diffraction pattern at a fixegd value corresponds

bAlso at: Department of Materials Science and Engineering, NorthwesterfO a set of discrete intensitigs atl(K) integer point;. Ex-
University, Evanston, IL 60208. perimentally, however, a typical, scan along 1K) direc-
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FIG. 1. Radial scans measured alo@y (1 0) [¢=0°] and(b) 3 1) [¢ FIG. 3. Contour map of intensity distribution in tig—q, reciprocal plane:

=18.57] directions from a Gd dot array. Dashed lines represent the calcura) measurementsb), (c), and (d) calculations with horizontal resolution
lated diffuse scattering intensities from the substrate surface. Isgtnd widths of 2.75¢10°3 A1, 275104 A1, and 2.7510°5 AL re-

(B) show schematics of the scattering geometry and its corresponding difépectively. For reference,@a corresponds to 8.3710"* A~*. The circle

fractior_] configuration in the reciprocal plane. The gray stripe represents thg, (a) shows a pseudo-Kossel circle satisfying E2), and the line repre-

resolution volumes when scanning along sents the trajectory of a radial scan along (Bel) direction in Fig. 1b).
Weak intensities at2,0) and(2,1) in (d) result from destructive interferences

tion yields a number of peaks at noninteger positions, witHflue to the_ratio betw_een the array period and dot radius_. The inset shows a
the exception of that along th@ 0) direction. For example, cross-sectional drawing of the model used for the best fit.

a(q, scan along th€3 1) direction produces noninteger peaks

at (3n/101/10), as shown in Fig. 2. In fact, these nonintegerenings, respectivel. The grazing incident geometryd(
peaks are not points but are the cross sections of streaks;1) and our experimental setup with smaller vertical diver-
which will be discussed subsequently. We attribute the obgence and detector acceptance make the elliptical sampling
served diffraction pattern to the resolution function, whicharea virtually a stripe with the length-to-width ratio of a few
describes the broadening of the reciprocal resolution of théundreds, as illustrated in Fig(idset B. Consequently, the
probe primarily due to the divergence of the incident beanineasurement performed at an arbitrary po®=(H,K),

and the finite acceptance of the detector. The resolution fund?icks up the intensities from the neighboring diffraction rods
tion projected onto thej,—q, plane can be described as an G=(h,k) within the sampling area. A simple condition, in
ellipse with its minor and major axes parallel and perpenwhich Gy, G, and G—Gy) forms a right triangle, can be
dicular to theq,-direction. The lengths of the minor and expressed as

major axes arekoA ¢ and ky0A 0, respectively, where\ s

and A 6 are effective horizontal and vertical angular broad- ~ hH+kK=H?+K?2, 1)

7000 — . : . . . . . A simple rearrangement of Eq@l) gives the following
set of equations for circle with a radiug,, which collec-
tively produces the observed 2D diffraction pattern in Fig.

5000 - 3@,

> (H h2+(K k)z hz+ K e 2
= 5 — 5] T3 5] =Thk
Z 000 | . 2 2 2 2
E 8
For example, the solid circle overlaying on the data in Fig.
3(a) corresponds toh,k)=(2,2). The observed diffraction
1008 i pattern with a set of circles is an analog of well-known Ko-
_Liggt ssel lines from the radiation excited in the crystal sample,
i which is widely used in the most precise determinations of
-1000 ! ' - ! ' ' : lattice constant8.Thus, we refer to these amseudeKossel
0 05 1.0 15 20 25 30 35

lines. Interestingly, the origin of the diffraction patterns dis-
cussed here bears a striking resemblance to the origin of
FIG. 2. Diffraction intensities of the radial scan along t81) direction  diffraction patterns from quasicrystals, which can also be
(¢=18.5°) after subtracting diffuse scattering intensities from the substratgegarded as the projection from a higher-dimensional recip-

surface. Circles represent measurements, and lines represent the calculati ; i ; _
with different models:(a) circular disks(dash-dot ling (b) ring cylinders TBtal lattice onto a lower-dimensional Spéeé)ur case cor

(dashed ling and(c) crowns(solid). For clarity, the dash-dot line is shifted. €SPonds to the projection of a 2D lattice into a 1D subspace.

Inset(d) shows a SEM picture from the sample. Similarly to the real Kossel lines for the crystalline samples,
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the pseudo-Kossel lines can be used for precise characteriza- Using the fitted parameters describing the average nano-
tion of the nanostructures of the dot array as described sulstructures of the dot array, we simulated the 2D diffraction

sequently. pattern on they,—q, plane, which excellently reproduces the
The diffracted intensity at (H,K) can be expressed in measured 2D diffraction pattefsee Figs. &) and 3b)]. To
the Born approximation as check the sensitivity of the pseudo-Kossel lines, we com-
pared the best fit with the simulations calculated using the
|(H,K)=|F(qz)|2;< [F(h,k)|*R(H,K;h,k), (3)  effective horizontal resolutions of 2.¥5.0 4 A~! [Fig.

3(c)] and 2.7510 > A~ [Fig. 3d)], but with the same
where the weight function, R(H,K;h,k)=exp{—[1/ vertical resolution. It should be mentioned that these hori-
2(koA )% (h—H)?+ (k—K)?](47%/a%)}, accounts for the  zontal(out-of-scattering-planeresolutions correspond to an-
lengthwise Gaussian profile of the resolution striég,) is  gular broadenings of 60 andgad, respectively, which can
the 1D form factor along, direction, and~(h,k) is the 2D  be hardly obtained in the typical scattering experiments. In
form factor on theg,—qy plane. For a disk-shaped dot with a our model, the effect due to the limited transverse coherence
radius R,F(h,k) is given simply by 2rR?(J;(q,R)/q,R), length of the incident x-rays, in comparison with the period
where J; is the first-order Bessel function and),  of the dot array, is not explicitly treated, but rather absorbed
=(2m/a) Vh?+ k2. However, as shown in Fig. 2, this in the description of the effective broadening of the resolu-
simple model(the dash-dot linecannot explain the experi- tion function. Such distinction is difficult to make without
mental datgcircles measured along th@ 1) direction, and, employing a detector with a high spatial resolutidn.
therefore, a more realistic model should be taken into ac- In summary, we have demonstrated that the diffraction
count. pattern from the nanofabricated dot array originates from the

As seen from the SEM image in Fig(d}, dots are not a  highly anisotropic instrumental resolution function in the
simple disk, but rather have the thin “crown” on the top due grazing diffraction geometry. In addition, these pseudo-
to the photoresist removal procéésas illustrated in Fig. Kossel lines can provide precise structural characterization
2(c). This finding was also confirmed by our AFM measure-on the periodic nanofabricated patterns, which are difficult to
ments, although the exact profile of the crown could not beascertain using microscopy techniques.
measured. The form factéi(h,k) of crown dots can be then
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